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Introduction {#sec001}
============

Tuberculosis (TB) is the tenth leading cause of global deaths worldwide and the leading cause of death due to a single infectious disease thus ranking it above HIV/AIDS \[[@pone.0228381.ref001]\]. According to the most recent report from the WHO, about 10 million people suffered from TB complications and approximately 1.3 million people died of TB in 2017 \[[@pone.0228381.ref001]\]. Approximately a quarter of the world population is latently infected with *Mycobacterium tuberculosis* \[[@pone.0228381.ref002]\]. However, not all individuals infected with *M*. *tuberculosis* present with the symptoms of the disease and in fact the majority of infected people are clinically asymptomatic. Nonetheless, they are at a significant risk of developing active TB when their immune system becomes weakened or compromised following reactivation of latent *M*. *tuberculosis* \[[@pone.0228381.ref003], [@pone.0228381.ref004]\]. The End TB strategy of the WHO aims to reduce TB morbidity by 90% and TB mortality by 95% by 2035 \[[@pone.0228381.ref001]\]. This objective can only be achieved when robust diagnostic technologies, new therapies with a short-course nature, and effective vaccines are factorized and delivered \[[@pone.0228381.ref005]\].

The only available vaccine for human use is the attenuated and live *M*. *bovis* Bacillus Calmette Guerin (BCG), which was introduced to humans in 1920s. Although BCG has been used extensively in large parts of the world, it has failed to provide consistent protective efficacy in humans, particularly in the developing world and against adult pulmonary disease, the most common manifestation of TB \[[@pone.0228381.ref001], [@pone.0228381.ref006]\]. In addition, BCG vaccination has other drawbacks including disseminated BCGosis in immunocompromised individuals, e.g. HIV-infected \[[@pone.0228381.ref007]\]. Furthermore, the efficacy of BCG is reduced in individuals pre-sensitized with environmental mycobacteria due to the presence of crossreactive antigens \[[@pone.0228381.ref006], [@pone.0228381.ref008]\]. Therefore, the attention has been focused to develop new vaccines that can complement or replace BCG \[[@pone.0228381.ref009]\].

Among the new vaccine options are subunit vaccines based on *M*. *tuberculosis*-specific antigens, which can improve BCG-induced protection \[[@pone.0228381.ref010]\]. These subunit vaccines, known as booster vaccines, are administered to individuals who are pre-vaccinated with BCG or pre-sensitized with environmental mycobacteria, to enhance the induced protection \[[@pone.0228381.ref010]\]. Subunit vaccines can also be used for therapeutic applications by aiding the immune system to eliminate *M*. *tuberculosis* \[[@pone.0228381.ref011]\]. The sequencing of *M*. *tuberculosis* genome and advances in comparative genomics and bioinformatics have helped to identify species-specific genomic regions and encoded proteins in different mycobacterial species \[[@pone.0228381.ref006], [@pone.0228381.ref012], [@pone.0228381.ref013]\]. By comparing mycobacterial genomes, it was shown that 16 regions of differences (RD)1 to RD16 existed among *M*. *tuberculosis*, *M*. *bovis* and BCG \[[@pone.0228381.ref014], [@pone.0228381.ref015]\]. Among these RDs, 11 *M*. *tuberculosis*-specific genomic regions (RD1, RD4-7, RD9-RD13, and RD15) were absent/deleted in all BCG strains \[[@pone.0228381.ref016]\]. These regions were predicted to encode 89 proteins \[[@pone.0228381.ref016]\]. When tested with human peripheral blood mononuclear cells, seven low molecular weight proteins encoded by RD1 (PE35, ESXA and ESXB), RD7 (Rv2346c and Rv2347c) and RD9 (Rv3619c and Rv3620c) induced the best Th1 cell responses (IL-2 and IFN-ɣ) \[[@pone.0228381.ref017], [@pone.0228381.ref018], [@pone.0228381.ref019]\].

The identification of major *M*. *tuberculosis*-specific antigens has paved the way for studying their role in inducing protective immunity against TB \[[@pone.0228381.ref020]\]. However, the delivery of these antigens is a key issue that may have influence on the quality of immune responses induced, i.e. protective (Th1) \[[@pone.0228381.ref021], [@pone.0228381.ref022]\], pathologic (Th2 and Treg) \[[@pone.0228381.ref023], [@pone.0228381.ref024]\], or both protective and pathologic (Th17) \[[@pone.0228381.ref025]\]. To induce the desired immune responses against protein antigens, adjuvants and delivery systems are often required to deliver the antigens \[[@pone.0228381.ref026]\]. Choosing an appropriate adjuvant and delivery platform is critical for the induction of Th1-biased responses \[[@pone.0228381.ref027]\], and thus important for the construction of an effective subunit vaccine. The aim of this work was to evaluate chemical adjuvants (Aluminum hydroxide \[Alum\] and (Freund's Incomplete Adjuvant \[IFA\]), live non-pathogenic mycobacteria (*M*. *smegmatis* and *M*. *vaccae*) and a DNA vaccine vector (pUMVC6) as adjuvants and delivery systems to study the induction of Th1, Th2, Th17 and Treg cytokines following immunization with seven low molecular weight *M*. *tuberculosis*-specific antigens, i.e. PE35, ESXA, ESXB, Rv2346c, Rv2347c, Rv3619c and Rv2360c, in mice.

Materials and methods {#sec002}
=====================

Plasmid vectors and bacterial strains {#sec003}
-------------------------------------

The plasmids pGEM-T Easy (Promega corporation Madison, WI, USA), pDE22 \[[@pone.0228381.ref024]\] and DNA vaccine vector pUMVC6 (Aldevron, Fargo, North Dakota, USA) were propagated in *Escherichia coli* strain TOP10 (ATCC, Manassas, VA, USA), and the plasmid pGESTH-1) \[[@pone.0228381.ref028]\] was propagated in *E*. *coli* strain BL-21 (Novagen, Madison, WI, USA), as described previously \[[@pone.0228381.ref029], [@pone.0228381.ref030]\]. The shuttle vector pDE22 was used for the expression of *pe35*, *esxa*, *esxb*, *rv2346c*, *rv2347c*, *rv3619c* and *rv3620c* genes in *M*. *smegmatis* and *M*. *vaccae*, as described previously \[[@pone.0228381.ref024], [@pone.0228381.ref031]\]. Genomic DNA isolated from *M*. *tuberculosis* H37Rv (obtained from the American Type Culture Collection, (Rockville, MD, USA) served as the source for the amplification and subsequent cloning of the genes, as previously described \[[@pone.0228381.ref028], [@pone.0228381.ref030]\]. All DNA manipulations, restriction enzyme digestions and bacterial cell transformations with the plasmids were performed according to previously described procedures \[[@pone.0228381.ref028]--[@pone.0228381.ref032]\].

PCR primers {#sec004}
-----------

The primers for amplifications of target genes from the genomic DNA of *M*. *tuberculosis* by polymerase chain reaction (PCR) were designed on the basis of nucleotide sequences of these genes in *M*. *tuberculosis* genome (Tuberculist--Genolist Institute Pasteur, <http://genolist.pasteur.fr/TubercuList/>). The nucleotide sequences of each forward (F) and reverse (R) primer are given in Tables [1](#pone.0228381.t001){ref-type="table"} and [2](#pone.0228381.t002){ref-type="table"}. All primers contained additional sequences at the 5' end for digestion with appropriate restriction enzymes to clone efficiently the PCR-amplified DNA in the various vectors, i.e. pGEM-T Easy, pGES-TH-1, pDE22 and pUMVC6, as previously described \[[@pone.0228381.ref023], [@pone.0228381.ref024], [@pone.0228381.ref028]--[@pone.0228381.ref032]\]. The primers were synthesized commercially (ThrmoFisher Scientific, Ulm, Germany).

10.1371/journal.pone.0228381.t001

###### Nucleotide sequences of forward and reverse primers used for the amplification of genes from the genomic DNA of *M*. *tuberculosis* and cloning of the amplified products in pGEM-T Easy, pGES-TH-1 and pDE22 vectors.

![](pone.0228381.t001){#pone.0228381.t001g}

  Gene        Nucleotide sequences of forward primers      Nucleotide sequences of reverse primers
  ----------- -------------------------------------------- ----------------------------------------------
  *pe35*      `5’-aatcggatccatggaaaaaatgtcacatgatccg-3`    `5’ acgaagcttttcggcgaagacgccggcggcgccgt 3’`
  *esxa*      `5’ aatcggatccatgacagagcagcagtggaatttc 3’`   `5’ acgaagctttgcgaacatcccagtgacgtt 3’`
  *esxb*      `5’ aatcggatccatggcagagatgaagaccgatgcc 3’`   `5’ acgaagcttgaagcccatttgcgaggacag 3’`
  *rv2346c*   `5’ aatcggatccatgaccatcaactatcagttcggt 3’`   `5’ acgaagcttggcccagctggagccgacggcgct 3’`
  *rv2347c*   `5’ aatcggatccatggcaacacgttttatgacggat 3’`   `5’ acgaagcttgctgctgaggatctgctgctgggaggc 3’`
  *rv3619c*   `5’ aatcggatccatgaccatcaactatcaattcggg 3’`   `5’ acgaagcttggcccagctggagccgacggcgct 3’`
  *rv3620c*   `5’ aatcggatccatgacctcgcgttttatgacggat 3’`   `5’ acgaagcttgctgctgaggatctgctgctgggaggc 3’`

The restriction sites for *Bam*H I and *Hind* III are underlined in the forward and reverse primers, respectively.

10.1371/journal.pone.0228381.t002

###### Nucleotide sequences of forward and reverse primers used for the amplification of genes from the genomic DNA of *M*. *tuberculosis* and cloning of the amplified products in pUMVC6 vector.

![](pone.0228381.t002){#pone.0228381.t002g}

  Gene        Nucleotide sequences of forward primers      Nucleotide sequences of reverse primers
  ----------- -------------------------------------------- ----------------------------------------------
  *pe35*      `5’-aatcggatccatggaaaaaatgtcacatgatccg-3`    `5- acgggatccgaagcccatttgcgaggacag -3’`
  *esxa*      `5’ aatcggatccatgacagagcagcagtggaatttc 3’`   `5’ acgggatcctgcgaacatcccagtgacgtt 3’`
  *esxb*      `5’ aatcggatccatggcagagatgaagaccgatgcc 3’`   `5’ acgggatccgaagcccatttgcgaggacag 3’`
  *rv2346c*   `5’ aatcggatccatgaccatcaactatcagttcggt 3’`   `5’ acgggatccggcccagctggagccgacggcgct 3’`
  *rv2347c*   `5’ aatcggatccatggcaacacgttttatgacggat 3’`   `5’ acgggatccgctgctgaggatctgctgctgggaggc 3’`
  *rv3619*    `5’ aatcggatccatgaccatcaactatcaattcggg 3’`   `5’ acgggatccggcccagctggagccgacggcgct 3’`
  *rv3620*    `5’ aatcggatccatgacctcgcgttttatgacggat 3’`   `5’ acgggatccgctgctgaggatctgctgctgggaggc 3’`

The restriction sites for *Bam*H I are underlined in the forward and reverse primers.

Cloning of genes in various vectors {#sec005}
-----------------------------------

DNA corresponding to *pe35*, *esxa*, *esxb*, *rv2346c*, *rv2347c*, *rv3619c* and *rv3620c* genes were amplified by PCR using genomic DNA isolated from *M*. *tuberculosis* and gene-specific primers, as previously described \[[@pone.0228381.ref029], [@pone.0228381.ref031], [@pone.0228381.ref032]\]. The amplified DNA were ligated to the cloning vector pGEM-T Easy and propagated in *E*. *coli* TOP10. The identities of genes cloned in pGEM-T Easy were determined by restriction digestion and DNA sequencing according to standard procedures \[[@pone.0228381.ref031]\]. The DNA fragments corresponding to the amplified genes were restriction digested from the recombinant pGEM-T Easy and subsequently cloned into the expression vector pGES-TH-1, shuttle vector pDE22 and DNA vaccine vector pUMVC6, as described previously \[[@pone.0228381.ref028], [@pone.0228381.ref029], [@pone.0228381.ref031]\].

Recombinant proteins {#sec006}
--------------------

The expression vector pGES-TH-1 was used for high level expression of PE35, ESXA, ESXB, Rv2346c, Rv2347c, Rv3619c and Rv3620c fusion proteins in *E*. *coli*, as described previously \[[@pone.0228381.ref028], [@pone.0228381.ref029]\]. The expression of fusion proteins was determined by western blotting using anti-GST antibodies \[[@pone.0228381.ref028]\]. The recombinant proteins were purified to homogeneity using two affinity columns, i.e. glutathione Sepharose column and Ni-NTA agarose column \[[@pone.0228381.ref028]\].

Mitogen and synthetic peptides {#sec007}
------------------------------

The mitogen Concanavalin A (ConA) was purchased from Sigma Chemicals, St. Louis, MO, USA. The peptides (25-mer overlapping with neighboring peptides by 10 residues) covering the sequences of PE35, ESXA, ESXB, Rv2346c, Rv2347c, Rv3619c and Rv3620c proteins were synthesized by solid phase peptide synthesis using fluorenylmethoxycarbonyl chemistry \[[@pone.0228381.ref031]\]. The peptides were dissolved in sterile phosphate-buffered saline (pH 7.0) and frozen at -20°C in aliquots, as described previously \[[@pone.0228381.ref031]\].

Recombinant mycobacteria {#sec008}
------------------------

The recombinant plasmids pDE22/*esxa*, pDE22/*esxb*, pDE22/*pe35*, pDE22/*rv2346c*, pDE22/*rv2347c*, pDE22/*rv3619c* and pDE22/*rv3620c* were electroporated into *M*. *smegmatis* and *M*. *vaccae* and the expression of genes in recombinant (r)*M*. *smegmatis* and r*M*. *vaccae* was determined by reverse-transcriptase (RT)-PCR, as described previously \[[@pone.0228381.ref024]\].

Experimental animals {#sec009}
--------------------

Six to eight weeks old female pathogen-free BALB/c mice were used in this study. All experiments in mice were performed in accordance with the principles of NC3Rs' ARRIVE guidelines for reporting humane animal research, the BJP Guidelines and in accordance with the EU Directive 2010/63/EU for animal experiments and the National Institutes of Health guide for the care and use of laboratory animals (NIH Publications No. 8023, revised 1978). The experimental protocols were approved by the "Health Science Center Animal Welfare Committee" and complied with regulations for the animal care and ethical use of Laboratory Animals in the Health Sciences Center, Kuwait University. The mice were divided into 35 groups (n = 5 mice per group), and one group of mice was immunized with each *M*. *tuberculosis*-specific antigen along with a given delivery system.

Immunization of mice {#sec010}
--------------------

Fourteen groups of mice were immunized intra-peritoneally with 2 μg of purified recombinant proteins emulsified with IFA (Sigma-Aldrich, St. Louis, MO, USA) or adsorbed onto Alum (ThermoFisher Scientific Inc., Waltham, MA, USA) and boosted twice with the proteins at two-week intervals, as described previously \[[@pone.0228381.ref033]\]. Furthermore, 14 groups of mice were immunized and boosted three times (at two-week intervals) intra-peritoneally with 5x10^7^ colony forming units (CFU) of r*M*. *smegmatis* or r*M*. *vaccae* expressing the cloned genes, as described previously \[[@pone.0228381.ref024], [@pone.0228381.ref031]\]. In addition, seven groups of mice were immunized and boosted twice (at three-week interval) intramuscularly with 100 μg rDNA vaccine constructs, as described previously \[[@pone.0228381.ref029], [@pone.0228381.ref034]\]. Two weeks (in case of chemical adjuvants \[IFA and Alum\] and recombinant mycobacteria groups) and three weeks (in case of rDNA vaccine groups) after the last booster, mice were euthanized, and spleen cells were collected aseptically according to standard procedures \[[@pone.0228381.ref029], [@pone.0228381.ref032]\].

Spleen cell cultures for cytokine assays {#sec011}
----------------------------------------

Mitogen and peptide-induced secretions of cytokines from mouse spleen cells were determined according to standard procedures \[[@pone.0228381.ref031], [@pone.0228381.ref032]\]. In brief, spleen cells were seeded into 96-well tissue culture plates (Nunc, Roskilde, Denmark) and stimulated in triplicates with ConA (experimental positive control) and the pool of peptides (PPs) covering the sequence of individual immunizing proteins. The stimulants ConA and PPs were used at optimal concentrations, i.e. 4 μg/ml and 25 μg/ml, respectively \[[@pone.0228381.ref029]\]. The negative control wells didn't receive any of these stimulants to test for antigen-nonspecific secretion of cytokines. The culture plates were incubated at 37°C in a humidified atmosphere of 5% CO~2~ and 95% air. The culture supernatants were collected for cytokine assays, after appropriate time intervals, as described previously \[[@pone.0228381.ref024]\]. The culture supernatants of spleen cells from each group of mice (n = 5) stimulated with the mitogen or PPs were pooled and tested in duplicates for concentrations of Th1 cytokine IFN-ɣ, Th2 cytokine IL-5, Treg cytokine IL-10, and Th17 cytokine IL-17A using enzyme-linked immunosorbent assay (ELISA) kits (ThermoFisher Scientific Inc, Waltham, MA, USA), as specified by the manufacturer. The average cytokine concentrations from the duplicates were calculated. The minimum detectable concentrations of IFN-ɣ, IL-5, IL-10, and IL-17A by using the kits were 1, 1, 1, and 0.5 pg/ml, respectively.

Th1, Th2, Treg, Th17 bias or no bias were calculated from the ratios of IFN-ɣ:IL-5, IFN-ɣ:IL-10 and IFN-ɣ:IL-17A concentrations \[[@pone.0228381.ref017]\]. The ratios exceeding 2 were considered as Th1 bias, 1 to 2 no bias, \<1 for IFN-ɣ:IL-5 as Th2 bias, \<1 for IFN-ɣ:IL-10 as Treg bias and \<1 for IFN-ɣ:IL-17A as Th17 bias \[[@pone.0228381.ref017]\]. A given Th bias was considered predominant with \>50% antigen and adjuvant/delivery system combinations inducing it.

Data analysis {#sec012}
-------------

All results were analyzed using GraphPad Prism (GraphPad Software, San Deigo, CA, USA). The concentrations of cytokines in response to various stimulants were considered significant with quantities \>100 pg/ml and the ratio of Experimental/ Negative control (E/C)\> 2 \[[@pone.0228381.ref031], [@pone.0228381.ref035]\]. The objective of comparison of cytokine data in all figures was to determine which immunization, followed by stimulation of spleen cells in vitro, resulted in secretion of significant concentrations of the individual cytokines.

Results {#sec013}
=======

Spontaneous and mitogen-induced secretion of Th1 (IFN-ɣ), Th2 (IL-5), Th17 (IL-17A) and Treg (IL-10) cytokines by spleen cells {#sec014}
------------------------------------------------------------------------------------------------------------------------------

Spontaneous secretion of various cytokines by spleen cells in the absence of exogenously added stimulants varied from 1 to 1657 pg/ml (Figs [1](#pone.0228381.g001){ref-type="fig"}--[5](#pone.0228381.g005){ref-type="fig"}). On the other hand, significant concentrations of all cytokines were secreted from spleen cells stimulated with ConA ([S1 Fig](#pone.0228381.s001){ref-type="supplementary-material"}). These results suggested that the culture conditions were appropriate.

![Concentrations (pg/ml) of IFN-ɣ, IL-5, IL-10 and IL-17A in pools of culture supernatants of spleen cells obtained from mice (n = 5 per group) immunized with purified recombinant proteins adsorbed onto Alum.\
Spleen cells obtained from immunized mice were cultured in triplicates in the absence of any stimulant (negative control) and in the presence of stimulants (experimental), i.e. pools of peptides (PPs) covering the sequences of individual immunizing proteins. The supernatants were collected on day 6. The culture supernatants from triplicates of negative controls and each stimulant were pooled separately and tested for secreted a) IFN-γ, b) IL-5, c) IL-10, and d) IL-17A cytokines in duplicate wells of 96-well plates by ELISA. The average values of cytokine concentrations from duplicates are presented in the figure. The concentrations of cytokines in response to various stimulants were considered significant with quantities \>100 pg/ml and the ratio of Experimental/ Negative control (E/C)\> 2 \[[@pone.0228381.ref031], [@pone.0228381.ref035]\]. Such values are marked with an asterisk (\*).](pone.0228381.g001){#pone.0228381.g001}

![Concentrations (pg/ml) of IFN-ɣ, IL-5, IL-10 and IL-17A in pools of culture supernatants of spleen cells obtained from mice (n = 5 per group) immunized with purified recombinant proteins emulsified with IFA.\
Spleen cells obtained from immunized mice were cultured in triplicates in the absence of any stimulant (negative control) and in the presence of stimulants (experimental), i.e. pools of peptides (PPs) covering the sequences of individual immunizing proteins. The supernatants were collected on day 6. The culture supernatants from triplicates of negative controls and each stimulant were pooled separately and tested for secreted a) IFN-γ, b) IL-5, c) IL-10, and d) IL-17A cytokines in duplicate wells of 96-well plates by ELISA. The average values of cytokine concentrations from duplicates are presented in the figure. The concentrations of cytokines in response to various stimulants were considered significant with quantities \>100 pg/ml and the ratio of Experimental/ Negative control (E/C)\> 2 \[[@pone.0228381.ref031], [@pone.0228381.ref035]\]. Such values are marked with an asterisk (\*).](pone.0228381.g002){#pone.0228381.g002}

![Concentrations (pg/ml) of IFN-ɣ, IL-5, IL-10 and IL-17A in pools of culture supernatants of spleen cells obtained from mice (n = 5 per group) immunized with r*M*. *smegmatis*.\
Spleen cells obtained from immunized mice were cultured in triplicates in the absence of any stimulant (negative control) and in the presence of stimulants (experimental), i.e. pools of peptides (PPs) covering the sequences of individual immunizing proteins. The supernatants were collected on day 6. The culture supernatants from triplicates of negative controls and each stimulant were pooled separately and tested for secreted a) IFN-γ, b) IL-5, c) IL-10, and d) IL-17A cytokines in duplicate wells of 96-well plates by ELISA. The average values of cytokine concentrations from duplicates are presented in the figure. The concentrations of cytokines in response to various stimulants were considered significant with quantities \>100 pg/ml and the ratio of Experimental/ Negative control (E/C)\> 2 \[[@pone.0228381.ref031], [@pone.0228381.ref035]\]. Such values are marked with an asterisk (\*).](pone.0228381.g003){#pone.0228381.g003}

![Concentrations (pg/ml) of IFN-ɣ, IL-5, IL-10 and IL-17A in pools of culture supernatants of spleen cells obtained from mice (n = 5 per group) immunized with r*M*. *vaccae*.\
Spleen cells obtained from immunized mice were cultured in triplicates in the absence of any stimulant (negative control) and in the presence of stimulants (experimental), i.e. pools of peptides (PPs) covering the sequences of individual immunizing proteins. The supernatants were collected on day 6. The culture supernatants from triplicates of negative controls and each stimulant were pooled separately and tested for secreted a) IFN-γ, b) IL-5, c) IL-10, and d) IL-17A cytokines in duplicate wells of 96-well plates by ELISA. The average values of cytokine concentrations from duplicates are presented in the figure. The concentrations of cytokines in response to various stimulants were considered significant with quantities \>100 pg/ml and the ratio of Experimental/ Negative control (E/C)\> 2 \[[@pone.0228381.ref031], [@pone.0228381.ref035]\]. Such values are marked with an asterisk (\*).](pone.0228381.g004){#pone.0228381.g004}

![Concentrations (pg/ml) of IFN-ɣ, IL-5, IL-10 and IL-17A in pools of culture supernatants of spleen cells obtained from mice (n = 5 per group) immunized with DNA vaccine constructs.\
Spleen cells obtained from immunized mice were cultured in triplicates in the absence of any stimulant (negative control) and in the presence of stimulants (experimental), i.e. pools of peptides (PPs) covering the sequences of individual immunizing proteins. The supernatants were collected on day 6. The culture supernatants from triplicates of negative controls and each stimulant were pooled separately and tested for secreted a) IFN-γ, b) IL-5, c) IL-10, and d) IL-17A cytokines in duplicate wells of 96-well plates by ELISA. The average values of cytokine concentrations from duplicates are presented in the figure. The concentrations of cytokines in response to various stimulants were considered significant with quantities \>100 pg/ml and the ratio of Experimental/ Negative control (E/C)\> 2 \[[@pone.0228381.ref031], [@pone.0228381.ref035]\]. Such values are marked with an asterisk (\*).](pone.0228381.g005){#pone.0228381.g005}

Characterization of the immune responses (in terms of Th1, Th2, Th17 and Treg cytokines) to *M*. *tuberculosis*-specific antigens in mice immunized with the various delivery systems {#sec015}
-------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

The quantification of secreted cytokines from spleen cells of mice in response to PPs showed that spleen cells of mice immunized with Rv2347c/Alum and Rv3619c/Alum ([Fig 1](#pone.0228381.g001){ref-type="fig"}); PE35/IFA, Rv2346c/IFA, Rv2347c/IFA, Rv3619c/IFA ([Fig 2](#pone.0228381.g002){ref-type="fig"}) secreted IFN-ɣ. Interestingly, Th2 (IL-5), Treg (IL-10), and Th17 (IL-17A) cytokines were not detected in these groups, except for IL-5 which was detected in mice immunized with ESXA/Alum ([Fig 1](#pone.0228381.g001){ref-type="fig"}). As for recombinant mycobacteria, spleen cells secreted IFN-ɣ from mice immunized with r*M*. *smegmatis*/*rv2346c*, r*M*. *smegmatis*/ *rv2347c*, r*M*. *smegmatis*/*rv3619c* ([Fig 3](#pone.0228381.g003){ref-type="fig"}); and r*M*. *vaccae*/*pe35*, r*M*. *vaccae*/*esxa*, r*M*. *vaccae*/ *rv2347c*, r*M*. *vaccae*/*rv3619c* and r*M*. *vaccae*/ *rv3620c* ([Fig 4](#pone.0228381.g004){ref-type="fig"}). Furthermore, IL-5 and IL-10 were not secreted from spleen cells of these mice and IL-17A was secreted from spleen cells of mice immunized with r*M*. *vaccae*/ *rv2346c* only. In addition, the spleen cells of mice immunized with recombinant DNA vaccine constructs of PE35, ESXA, Rv3619c and Rv3620c secreted IFN-ɣ but the secretions of IL-5, IL1-10 and IL-17A were not detected in any group of mice immunized with the rDNA vaccine constructs ([Fig 5](#pone.0228381.g005){ref-type="fig"}).

The relative concentrations of Th1, Th2, Th17 and Treg cytokines secreted from spleen cells of mice in response to PPs, as calculated by the ratios of Th1:Th2 (IFN-ɣ:IL-5), Th1:Treg (IFN-ɣ:IL-10), and Th1:Th17 (IFN-ɣ:IL-17A), are shown in [Fig 6](#pone.0228381.g006){ref-type="fig"}. The analysis of these results for cytokine biases showed that Th1 biases, compared to Th2, Treg, Th17 or no biases, were more predominant with all adjuvants/delivery systems ([Table 3](#pone.0228381.t003){ref-type="table"}). A similar analysis for the antigens showed that Rv2347c and Rv3619c always (15/15 possible combinations) induced Th1-biased responses with all adjuvants/delivery systems (Tables [3](#pone.0228381.t003){ref-type="table"} and [4](#pone.0228381.t004){ref-type="table"}). Furthermore, Th1 responses were predominant with PE35, ESXA and Rv2346c ([Table 4](#pone.0228381.t004){ref-type="table"}). The remaining two antigens, i.e. ESXB and Rv3620c induced predominantly non-Th1-baised responses ([Table 4](#pone.0228381.t004){ref-type="table"}).

![IFN-ɣ:IL-5, IFN-ɣ:IL-10 and IFN-ɣ:IL-17A ratios in the supernatants of spleen cells cultures in response to mixtures of peptides (PPs) from mice immunized with recombinant proteins, (a) emulsified with IFA, (b) adsorbed onto Alum, and (c) r*M*. *smegmatis*, (d) r*M*. *vaccae*, and (e) rDNA vaccine constructs. The ratios of IFN-ɣ:IL-5, IFN-ɣ:IL-10, and IFN-ɣ:IL-17A exceeding 2 (straight line) were considered as Th1 bias, 1 to 2 no bias, and \<1 (dotted line) as Th2, Treg and Th17 biases, respectively.](pone.0228381.g006){#pone.0228381.g006}

10.1371/journal.pone.0228381.t003

###### T cells biases based on cytokine ratios (Th1:Th2, Th1:Treg and Th1:Th17) in the supernatants of spleen cell cultures in response to peptide pools from mice immunized with PE35, ESXA, ESXB, Rv2346c, Rv2347c, Rv3619c, and Rv3620c using various adjuvants/delivery systems.

![](pone.0228381.t003){#pone.0228381.t003g}

                                        T cell biases in response to peptide pools from mice immunized with                                                 
  ----------------------- ------------- --------------------------------------------------------------------- --------- --------- --------- ----- --------- ---------
  **IFA**                 **Th1:Th2**   Th1                                                                   Th1       No bias   Th1       Th1   Th1       No bias
  **Th1:Treg**            Th1           Th1                                                                   No bias   Th1       Th1       Th1   No bias   
  **Th1:Th17**            Th1           Th1                                                                   Th1       Th1       Th1       Th1   Th17      
  **Alum**                **Th1:Th2**   Th1                                                                   Th1       No bias   No bias   Th1   Th1       Th1
  **Th1:Treg**            No bias       Th1                                                                   No bias   No bias   Th1       Th1   Th1       
  **Th1:Th17**            Th1           Th1                                                                   Th1       Th1       Th1       Th1   Th17      
  **r*M*. *smegmatis***   **Th1:Th2**   Th1                                                                   Th1       No bias   Th1       Th1   Th1       Th2
  **Th1:Treg**            Th1           Th1                                                                   Treg      Th1       Th1       Th1   Treg      
  **Th1:Th17**            Th1           Th1                                                                   Th17      Th1       Th1       Th1   Th17      
  **r*M*. *vaccae***      **Th1:Th2**   Th1                                                                   Th1       Th1       Th1       Th1   Th1       Th1
  **Th1:Treg**            Th1           Th1                                                                   Treg      Th1       Th1       Th1   Th1       
  **Th1:Th17**            Th1           No bias                                                               Th17      Th1       Th1       Th1   No bias   
  **DNA vaccine**         **Th1:Th2**   Th1                                                                   Th1       Th2       Th1       Th1   Th1       Th1
  **Th1:Treg**            Th1           Th1                                                                   Treg      Th1       Th1       Th1   Th1       
  **Th1:Th17**            Th1           Th1                                                                   Th17      No bias   Th1       Th1   Th1       

10.1371/journal.pone.0228381.t004

###### A summary of T cell biases in the supernatant of spleen cells cultures in response to peptide pools from mice immunized with PE35, ESXA, ESXB, Rv2346c, Rv2347c, Rv3619c, and Rv3620c using various adjuvants/delivery systems.

![](pone.0228381.t004){#pone.0228381.t004g}

                  PE35    ESXA    ESXB   Rv2346c   Rv2347c   Rv3619c   Rv3620c
  --------------- ------- ------- ------ --------- --------- --------- ---------
  **Th1 bias**    14/15   14/15   3/15   12/15     15/15     15/15     7/15
  **No bias**     1/15    1/15    5/15   3/15      0/15      0/15      3/15
  **Th2 bias**    0/15    0/15    1/15   0/15      0/15      0/15      1/15
  **Treg bias**   0/15    0/15    4/15   0/15      0/15      0/15      1/15
  **Th17 bias**   0/15    0/15    2/15   0/15      0/15      0/15      3/15

Discussion {#sec016}
==========

Enhancement of the immunogenicity of *M*. *tuberculosis*-specific antigens may lead to the development of efficient subunit TB vaccines, as compared to the currently available BCG vaccine. However, the delivery of these antigens requires appropriate adjuvants and delivery systems \[[@pone.0228381.ref026]\]. In this study, the effects of various adjuvants and delivery systems were evaluated in mice for immunogenicity of *M*. *tuberculosis*-specific proteins encoded by RD1 (PE35, EsxA and EsxB), RD7 (Rv2346c and Rv2347c), and RD9 (Rv3619c and Rv3620c). The spleen cells of immunized mice were tested for antigen-specific secretion of adaptive immune response-related Th1 (IFN-ɣ), Th2 (IL-5), Th17 (IL-17A) and Treg (IL-10) cytokines. The results show that with each delivery system, the protective Th1 cytokine IFN-ɣ was secreted in response to two or more antigens and Rv3619c induced a Th1 response with all adjuvants/delivery systems. ESXB was the only antigen which didn't induce antigen-specific Th1 response with any of the adjuvants/delivery systems and induced antigen-specific IL-5 when emulsified with Alum. On the other hand, immunization only with r*M*. *vaccae*/rv3619c resulted in the secretion of antigen-specific IL-17A. However, no antigen-specific IL-10 was secreted by any of the antigens with any adjuvant/delivery system. Interestingly, all antigens inducing IFN-ɣ secretion showed Th1 biases, when compared with Th2, Th17 and Treg responses. Previously, it has been shown that rBCG expressing ESXB antigen did not induce Th1 responses in BALB/c mice \[[@pone.0228381.ref031]\].

IFA is a water-in-oil emulsion that has been widely used in animal models since 1970s for evaluating the quality of vaccine candidates \[[@pone.0228381.ref036]\]. The suggested mechanism for the adjuvant effect of IFA is to prolong the duration of antigen persistence at the site of injection \[[@pone.0228381.ref037]\]. It has been previously shown in mice, that administration of IFA alone induces the secretion of Th2 but not Th1 cytokines \[[@pone.0228381.ref038]\]. However, when emulsified with an antigen or DNA vaccine, IFA is a powerful adjuvant that induces a cellular rather than humoral immune response \[[@pone.0228381.ref038], [@pone.0228381.ref039]\]. In this study, purified recombinant proteins were emulsified with IFA in equal ratio (1:1) and mice were immunized intraperitoneally. The cytokine secretion from spleen cells, stimulated in vitro with the peptides of immunizing proteins, showed that mice immunized with purified recombinant proteins PE35, Rv2346c and Rv3619c emulsified with IFA, had increased secretion of protective IFN-γ with high Th1 biases, when compared with Th2, Treg and Th17 responses. Indeed, the Th1 cytokine secretion by spleen cells of these mice was the highest among all other delivery systems. Interestingly, however, these mice did not produce IL-5, IL-10 or IL-17A cytokines. Similar results have been reported by Xiang et al. \[[@pone.0228381.ref040]\]. In their experiments, mice were immunized with five ESX-fusion proteins (EsxB, EsxD, EsxG, EsxU and EsxM) emulsified with IFA and later infected with 10^7^ CFU of *M*. *bovis* BCG-Pasteur. The immunization with these proteins emulsified with IFA induced the secretion of protective Th1 cytokine (IFN-γ) from spleen cells and also lowered the bacterial load significantly in lungs \[[@pone.0228381.ref040]\].

Alum salts are known to be Th2-inducing adjuvants, however due to their safety and function of increasing the stability and immunogenicity of recombinant proteins, they have been widely used in pursuit of developing subunit TB vaccines and to compare new adjuvants \[[@pone.0228381.ref041]--[@pone.0228381.ref045]\]. Despite the positive correlation between the induction of high Th1 responses and protection against TB in mice, it has been shown that the use of Th2 inducing adjuvants, such as Alum, is not associated with harmful effects \[[@pone.0228381.ref046]\]. In fact, the secretion of certain degree of Th2 cytokines doesn't have an adverse consequence, as long as the Th1 response is substantial \[[@pone.0228381.ref047]\]. In our study, the spleen cells collected from immunized mice showed the induction of protective Th1 cytokine IFN-γ to Rv2347c and Rv3619c recombinant proteins, but their levels were lower than IFA group. Of interest, the secretions of Th2, Th17 and Treg cytokines were not detected in response to the peptide pools of Rv2347c and Rv3619c. In previously published studies, the immunization with immunodominant mycobacterial proteins emulsified with Alum had controversial outcomes. Orr and colleagues have shown that Alum in combination with glucopyranosyl lipid adjuvant (GLA) had a synergetic effect, promoted Th1 responses to ID93, and significantly reduced the bacterial load in the lungs and spleens of *M*. *tuberculosis*-infected mice \[[@pone.0228381.ref048]\]. On the other hand, Agger et al. showed that combining Ag85B-ESXA fusion protein with Alum and dimethyldioctadecylammonium (DDA) adjuvants did not reduce the bacterial load in lungs of infected mice \[[@pone.0228381.ref042], [@pone.0228381.ref046]\]. Besides, immunization of mice with the chimeric tuberculosis vaccine antigen H56 along with alum did not induce the secretion of primary T cell responses, rather it increased the primary B cell responses and IgG1 production \[[@pone.0228381.ref026]\].

The recombinant non-pathogenic mycobacteria expressing immunodominant *M*. *tuberculosis* antigens have been broadly used as TB vaccines in preclinical studies due to their rapid growth, genetic and structural homology to *M*. *tuberculosis* and induction of long-lasting immunity \[[@pone.0228381.ref049],[@pone.0228381.ref050], [@pone.0228381.ref051], [@pone.0228381.ref052]--[@pone.0228381.ref053]\]. In addition, the safety of non-pathogenic mycobacteria has been well documented, and their efficacies have been studied as vaccines and immunotherapeutic agents for the treatment of TB and other diseases, e.g. cancers and autoimmune disorders \[[@pone.0228381.ref054], [@pone.0228381.ref055]\]. Specifically, *M*. *vaccae* has been approved in China as an immunotherapeutic agent to shorten the duration of TB drug therapy \[[@pone.0228381.ref055]\]. Besides, heat-killed *M*. *vaccae* is considered to be safe for HIV positive patients \[[@pone.0228381.ref056]\], and *M*. *smegmatis* is nontoxic in animal models lacking NK or T cells \[[@pone.0228381.ref057]\]. In this study, we also evaluated r*M*. *smegmatis* and r*M*. *vaccae* carrying a recombinant shuttle vector (rpDE22) as live vaccine candidates. The pDE22 shuttle vector contains a hygromycin-resistant gene marker, a hsp60 transcription signal, and the secretion signal of *M*. *tuberculosis* alpha antigen to export the expressed proteins into the extracellular milieu \[[@pone.0228381.ref023]\]. Our findings show that spleen cells obtained from mice immunized with r*M*. *smegmatis*/*rv2346*c, r*M*. *smegmatis*/*rv2347*c and r*M*. *smegmatis*/*rv3619c* induced the secretion of IFN-γ in response to the pools of synthetic peptides corresponding to these proteins, while IFN-γ was secreted only from spleen cells obtained from mice immunized with r*M*. *vaccae* expressing PE35, ESXA, Rv3619c, Rv3620c antigens.

DNA vaccines have been previously used to induce antigen specific cellular immunity and in immunotherapy against multidrug resistant TB in combination with anti-mycobacterial drugs in mice \[[@pone.0228381.ref058]\]. DNA vaccines are good adjuvant systems to induce the secretion of Th1 cytokines as well as Th1-like humoral immune response when injected intramuscularly \[[@pone.0228381.ref059]\]. The DNA vaccine plasmid used in this study was pUMVC6 which contains expression vector of CMV IE promoter at the 5' end and kanamycin marker. In addition, this expression vector contains human IL-2 secretory peptide, which acts as an adjuvant and allows the cloned gene to be secreted as a cytoplasmic protein to elicit immune responses in vivo \[[@pone.0228381.ref029]\]. It has previously been found that vaccinating mice with pUMVC6 constructs of PE35, ESXA, ESXB and Rv3619c resulted in proliferation of spleen cells in vitro when stimulated with pools of peptides covering the sequence of the immunizing proteins \[[@pone.0228381.ref029]\]. A previous study has shown that immunization of mice with DNA vaccine construct pUMVC6/pe35 induced the secretion of Th1 cytokine IFN-γ but not Th2 and Treg cytokines IL-5 and IL-10, respectively \[[@pone.0228381.ref034]\]. Similarly, in this study, it was found that immunization of mice with DNA vaccine constructs expressing PE35, ESXA, Rv3619c and Rv3620c induced the secretion of Th1 cytokine, but not Th2, Th17 and Treg cytokines, in response to peptide pools of these antigens.

Our study shows that immunization with Rv3619c induced secretion of antigen-specific IFN-γ and Th1-biased responses with all adjuvants and delivery systems used, suggesting its appropriateness as a subunit vaccine against TB. However, some recent studies have shown that, in addition to Th1 responses, antibodies may also play a role in protection against TB \[[@pone.0228381.ref060], [@pone.0228381.ref061]-- [@pone.0228381.ref062]\]. We, therefore, determined the antigen-specific IgG antibody concentration in sera of mice immunized with Rv3619c with different adjuvants and delivery systems. The results showed that the concentrations of Rv3619c-specifc antibodies were higher in sera of all groups of immunized mice when compared with non-immunized mice, but significantly higher concentrations (P \<0.05) were observed in mice immunized with Rv3619c in Alum and r*M*. *smegmatis* ([Fig 7](#pone.0228381.g007){ref-type="fig"}).

![Rv3619c-specific antibody reactivity in sera from groups of mice (n = 5 per group) immunized with Rv3619c in Alum, IFA, r*M*. *smegmatis*, r*M*. *vaccae*, and DNA vaccine construct.\
Sera from non-immunized and immunized mice were tested for antibody reactivity by ELISA using the pure recombinant protein of Rv3619c as antigen according to standard procedures \[[@pone.0228381.ref063]\]. Data were obtained as optical density (OD) values measured at 405 nm. The statistical analysis of data was performed with a one-way analysis of variance (ANOVA) test followed by Bonferroni post hoc test for Rv3619c-specific IgG antibodies. The results were considered significant with P\<0.05 against non-immunized mice. Such values in the figure are marked with an asterisk (\*).](pone.0228381.g007){#pone.0228381.g007}

The antigen-specific Th1 cytokine and antibody responses suggest that Rv3619c may be useful as a subunit vaccine against TB. However, measuring only immune responses, in this study, is a limitation due to lack of immune correlates of protection in TB \[[@pone.0228381.ref064]\].

Conclusions {#sec017}
===========

In this study, seven immunodominant *M*. *tuberculosis*-specific antigens were obtained in recombinant forms, expressed in non-pathogenic *M*. *smegmatis* and *M*. *vaccae* and cloned in a DNA vaccine vector. The recombinants, along with chemical adjuvants and delivery systems, were evaluated in mice for the antigen-specific secretion of protective Th1 and Th17 as well as pathologic Th2, Th17 and Treg cytokines. The results show that all antigens, except ESXB, induced the secretion of the protective Th1 cytokine IFN-ɣ with two or more delivery systems. However, Rv3619c was the only antigen that showed consistent secretions of significant concentrations of Th1 cytokine IFN-ɣ and Th1 biases with all adjuvants and delivery systems. Immunization with Rv3619c also induced antigen-specific IgG antibodies with significantly higher concentrations in mice immunized with Rv3619c + Alum and *rM*. *smegmatis*. These results suggest that the quality and type of immune response depend upon the antigens as well as the adjuvants/delivery systems used.

Supporting information {#sec018}
======================

###### Cytokine secretion from spleen cells stimulated with ConA.

Concentrations (pg/ml) of IFN-ɣ, IL-5, IL-10 and IL-17A in pools of culture supernatants of spleen cells obtained from mice (n = 5 per group) immunized with purified recombinant proteins using a) Alum, b) IFA, c) r*M*. *smegmatis*, d) r*M*. *vaccae*, and e) DNA vaccine constructs. Spleen cells obtained from immunized mice were cultured in triplicates in the absence of any stimulant (negative control) and in the presence of stimulant (experimental), i.e. Con A. The supernatants were collected on day 3. The culture supernatants from triplicates of negative controls and the stimulant were pooled separately and tested for secreted IFN-γ, IL-5, IL-10 and IL-17A cytokines in duplicate wells of 96-well plates by ELISA. The average values of cytokine concentrations from duplicates are presented in the Figure.

(TIF)

###### 

Click here for additional data file.

We thank Fatima Hussain for technical assistance.
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Editor's comments:

General comments

A major limitation of the manuscript is the fact that the vaccines were compared only by measuring immune responses without evidence of protection. As there is no accepted immune correlate of protection for TB vaccines it is not feasible to identify promising candidates on the basis of immunogenicity. If protection data are available, these should be presented in this manuscript in order to support the conclusions that one antigen was superior to the others. Indeed, Reviewer 1 has questioned this interpretation of superiority of Rv3619c based upon the data as presented. If protection data are not available, the limitations of the immune response data and their interpretation must be clearly stated in the Discussion. In addition, the discussion must be changed where the immune response data in this manuscript are compared / contrasted to published protection data -- such comparisons cannot be made.

Response: The protection data are not available from this study. However, a previous study (Ansari et al. Reference no. 56 in the revised manuscript) has shown the protective efficacy of Rv3619c in the same mouse strain which was used by us, i.e. BALB/c. As suggested by the Editor, the discussion has been changed where the immune response data were compared/contrasted with the protection data.

Specific comments:

Comment: Presentation of the data in graphical format, rather than tables and the application of statistical methods. Currently the terminology used is 'considered significant' and no explanation is given for what this actually means with regards to statistics.

Response: The data has been presented in graphical format, as suggested. The information on the use of statistics and the criteria for significance has been added on page 12 of the revised manuscript.

Comment: Description/discussion of studies involving Alum. As mentioned by Reviewer 1, Alum is not a relevant adjuvant for TB vaccines and the sentence in lines 320-322 stating that Alum salts are widely used for TB vaccines is not correct. Furthermore, this statement is not supported by Ref.41 which describes correlates of protection following vaccination with BCG vaccines and has no mention of Alum. The discussion about the small number of studies using Alum is therefore redundant.

Response: Alum, being a Th2 adjuvant, provides the baseline to compare with other adjuvants. Hence, we would like to retain the results obtained with this adjuvant. Furthermore, for the same reason, Alum has been used as an adjuvant in TB vaccine research. A list of 14 such references from PubMed is given below.
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9\. Orr MT, Fox CB, Baldwin SL, Sivananthan SJ, Lucas E, Lin S, Phan T, Moon JJ, Vedvick TS, Reed SG, Coler RN. Adjuvant formulation structure and composition are critical for the development of an effective vaccine against tuberculosis. J Control Release. 2013 Nov 28;172(1):190-200.

10\. Rodriguez L, Tirado Y, Reyes F, Puig A, Kadir R, Borrero R, Fernandez S, Reyes G, Alvarez N, Garcia MA, Sarmiento ME, Norazmi MN, Perez Quinoy JL, Acosta A. Proteoliposomes from Mycobacterium smegmatis induce immune cross-reactivity against Mycobacterium tuberculosis antigens in mice. Vaccine. 2011 Aug 26;29(37):6236-41.

11\. Chen L, Xu M, Wang ZY, Chen BW, Du WX, Su C, Shen XB, Zhao AH, Dong N, Wang YJ, Wang GZ. The development and preliminary evaluation of a new Mycobacterium tuberculosis vaccine comprising Ag85b, HspX and CFP-10:ESAT-6 fusion protein with CpG DNA and aluminum hydroxide adjuvants. FEMS Immunol Med Microbiol. 2010 Jun 1;59(1):42-52.

12\. Kamath AT, Valenti MP, Rochat AF, Agger EM, Lingnau K, von Gabain A, Andersen P, Lambert PH, Siegrist CA. Protective anti-mycobacterial T cell responses through exquisite in vivo activation of vaccine-targeted dendritic cells. Eur J Immunol. 2008 May;38(5):1247-56.

13\. Bosio CM, Orme IM. Effective, nonsensitizing vaccination with culture filtrate proteins against virulent Mycobacterium bovis infections in mice. Infect Immun. 1998 Oct;66(10):5048-51.

14\. Lindblad EB, Elhay MJ, Silva R, Appelberg R, Andersen P. Adjuvant modulation of immune responses to tuberculosis subunit vaccines. Infect Immun. 1997 Feb;65(2):623-9.

The previous reference 41 has been replaced with new references 41 to 45.

Comment: Reviewer 2 has raised an important point about endotoxin levels which should be clarified.

Response: The endotoxin levels in the purified recombinant antigen preparations were not quantified but we expect that the concentrations would have been quite low because two different types of affinity columns were used for the purifications of recombinant proteins.

Comment: Comment and provide data if available on antibody-mediated responses and responses in the lungs (reviewer 2 and 1 respectively).

Response: The antibody responses to Rv3619c are added in the revised manuscript in discussion. The immunizations were not performed through nasal route, hence immune responses in the lungs were not measured.

Comment: Provide a rationale for using BALB/c mice and alter the discussion to take into account that differences between studies could be attributable to the strain of mice (reviewer 2).

Response: BALB/c mice have been extensively used in TB immunology/vaccine research. Some of the papers published in 2019 and available in PubMed are given below.

1\. Broset E, Saubi N, Guitart N, Aguilo N, Uranga S, Kilpeläinen A, Eto Y, Hanke T, Gonzalo-Asensio J, Martín C, Joseph-Munné J. MTBVAC-Based TB-HIV Vaccine Is Safe, Elicits HIV-T Cell Responses, and Protects against Mycobacterium tuberculosis in Mice. Mol Ther Methods Clin Dev. 2019; 13:253-264.

2\. Xiao TY, Liu HC, Li XQ, Huang MX, Li GL, Li N, Yan YH, Luo Q, Wang XZ, Li MC, Wan KL. Immunological Evaluation of a Novel Mycobacterium tuberculosis Antigen Rv0674. Biomed Environ Sci. 2019; 32(6):427-437.

3\. Nagpal PS, Kesarwani A, Sahu P, Upadhyay P. Aerosol immunization by alginate coated mycobacterium (BCG/MIP) particles provide enhanced immune response and protective efficacy than aerosol of plain mycobacterium against M.tb. H37Rv infection in mice.

BMC Infect Dis. 2019; 19(1):568.

4\. Komine-Aizawa S, Jiang J, Mizuno S, Hayakawa S, Matsuo K, Boyd LF, Margulies DH, Honda M. MHC-restricted Ag85B-specific CD8+ T cells are enhanced by recombinant BCG prime and DNA boost immunization in mice. Eur J Immunol. 2019;49(9):1399-1414.

5\. Moreno-Mendieta S, Barrera-Rosales A, Mata-Espinosa D, Barrios-Payán J, Sánchez S, Hernández-Pando R, Rodríguez-Sanoja R. Raw starch microparticles as BCG adjuvant: Their efficacy depends on the virulence of the infection strains.

Vaccine. 2019;37(38):5731-5737.

6\. Fitzpatrick M, Ho MM, Clark S, Dagg B, Khatri B, Lanni F, Williams A, Brennan M, Laddy D, Walker B. Comparison of pellicle and shake flask-grown BCG strains by quality control assays and protection studies. Tuberculosis (Edinb). 2019;114:47-53.

7\. Sawutdeechaikul P, Cia F, Bancroft G, Wanichwecharungruang S, Sittplangkoon C, Palaga T. Oxidized Carbon Nanosphere-Based Subunit Vaccine Delivery System Elicited Robust Th1 and Cytotoxic T Cell Responses. J Microbiol Biotechnol. 2019; 29(3):489-499.

8\. Okay S, Çetin R, Karabulut F, Doğan C, Sürücüoğlu S, Kızıldoğan AK.

Immune responses elicited by the recombinant Erp, HspR, LppX, MmaA4, and OmpA proteins from Mycobacterium tuberculosis in mice. Acta Microbiol Immunol Hung. 2019; 66(2):219-234.

9\. Bull NC, Stylianou E, Kaveh DA, Pinpathomrat N, Pasricha J, Harrington-Kandt R, Garcia-Pelayo MC, Hogarth PJ, McShane H.

Enhanced protection conferred by mucosal BCG vaccination associates with presence of antigen-specific lung tissue-resident PD-1+ KLRG1- CD4+ T cells. Mucosal Immunol. 2019; 12(2):555-564.

As suggested by the Editor, the discussion has been altered to take into account that differences between studies could be attributable to the strain of mice.

Reviewer \#1: Major Comments:

Comment:

Authors concluded that Rv3619c (EsxV, ESAT-6-like protein) has a potential as a vaccine antigen because of its Th1-inducing ability. However, the authors jumped to a conclusion without any evidence for protection efficacy testing. In addition, although Th1-type T-cell response is crucial for the protective immunity, other T-cell responses are also important for the protection against tuberculosis.

Response:

The antigen RV3619c was shown to be protective in BALB/c mouse model of TB, as given in reference 56 (Ansari et al. PLoS One. 2011;6(8):e22889). Our correlation with protection is based on that study. We thank the reviewer for stating that Th1-type T-cell responses are crucial for the protective immunity against tuberculosis. Furthermore, we agree with the reviewer that other T-cell responses are also important for the protection against tuberculosis. Therefore, we have added antibody responses (primarily Th-2) to Rv3619c in the revised manuscript.

Comment: Authors included ESXA (ESAT-6) in this study. I do not understand how Rv3619c induced a more robust Th1 response than ESXA. Also, Rv2347c showed Th1-biased response in all experiments like Rv3619c.

Response: Based on statistical analysis of data, we have modified the results and conclusions. Even with the statistical analysis, Rv3619c was found superior than ESXA (Fig. 7 of the revised manuscript). One of the reasons could be the ability of ESXA (ESAT6) to activate regulatory T (Treg) cells, as reported in the references given below.

Feruglio SL, Kvale D, Dyrhol-Riise AM. T cell responses and regulation and the impact of in vitro IL‐10 and TGF‐β modulation during treatment of active tuberculosis. Scand J Immunol. 2017; 85(2):138-146.

Wu YE, Du ZR, Cai YM, Peng WG, Zheng GZ, Zheng GL, Wu LB, Li K. Effective expansion of forkhead box P3⁺ regulatory T cells via early secreted antigenic target 6 and antigen 85 complex B from Mycobacterium tuberculosis. Mol Med Rep. 2015; 11(4):3134-42.

Jackson-Sillah D, Cliff JM, Mensah GI, Dickson E, Sowah S, Tetteh JK, Addo KK, Ottenhoff TH, Bothamley G, Dockrell HM. Recombinant ESAT-6-CFP10 fusion protein induction of Th1/Th2 cytokines and FoxP3 expressing Treg cells in pulmonary TB. PLoS One. 2013; 8(6):e68121.

Comment: I suggest an extensive review across the manuscript and should focus on the immunogenicity, not construction of expression vectors. Additionally, I do not think alum adjuvant is proper for tuberculosis vaccine. Thus, I would like to recommend the exclusion of data for alum adjuvant for the readers.

Response: As suggested by the reviewer, the revised manuscript focuesses on immunogenicity and the results related to the construction of expression vectors have been deleted. Alum, being a Th2 adjuvant, provides the baseline to compare with other adjuvants. Hence, we would like to retain the results obtained with this adjuvant. Furthermore, for the same reason, Alum has been used as an adjuvant in TB vaccine research. A list of 14 such references from PubMed is given below.

1\. Mani R, Gupta M, Malik A, Tandon R, Prasad R, Bhatnagar R, Banerjee N. Adjuvant Potential of Poly-α-l-Glutamine from the Cell Wall of Mycobacterium tuberculosis. Infect Immun. 2018 Sep 21;86(10).

2\. Tang J, Sun M, Shi G, Xu Y, Han Y, Li X, Dong W, Zhan L, Qin C.Toll-Like Receptor 8 Agonist Strengthens the Protective Efficacy of ESAT-6 Immunization to Mycobacterium tuberculosis Infection. Front Immunol. 2018 Jan 24;8:1972.

3\. Tirado Y, Puig A, Alvarez N, Borrero R, Aguilar A, Camacho F, Reyes F, Fernandez S, Perez JL, Acevedo R, Mata Espinoza D, Payan JA, Garcia ML, Kadir R, Sarmiento ME, Hernandez-Pando R, Norazmi MN, Acosta A. Mycobacterium smegmatis proteoliposome induce protection in a murine progressive pulmonary tuberculosis model. Tuberculosis (Edinb). 2016 Dec;101:44-48.

4\. Knudsen NP, Olsen A, Buonsanti C, Follmann F, Zhang Y, Coler RN, Fox CB, Meinke A, D\'Oro U, Casini D, Bonci A, Billeskov R, De Gregorio E, Rappuoli R, Harandi AM, Andersen P, Agger EM. Different human vaccine adjuvants promote distinct antigen-independent immunological signatures tailored to different pathogens. Sci Rep. 2016 Jan 21;6:19570.

5\. Ciabattini A, Pettini E, Fiorino F, Pastore G, Andersen P, Pozzi G, Medaglini D. Modulation of Primary Immune Response by Different Vaccine Adjuvants. Front Immunol. 2016 Oct 17;7:427.

6\. Sun T, Han H, Hudalla GA, Wen Y, Pompano RR, Collier JH. Thermal stability of self-assembled peptide vaccine materials. Acta Biomater. 2016 Jan;30:62-71.

7\. Tirado Y, Puig A, Alvarez N, Borrero R, Aguilar A, Camacho F, Reyes F, Fernández S, Pérez JL, Espinoza DM, Payán JA, Sarmiento ME, Norazmi MN, Hernández-Pando R, Acosta A. Protective capacity of proteoliposomes from Mycobacterium bovis BCG in a mouse model of tuberculosis. Hum Vaccin Immunother. 2015;11(3):657-61.

8\. García Mde L, Borrero R, Lanio ME, Tirado Y, Alvarez N, Puig A, Aguilar A, Canet L, Mata Espinoza D, Barrios Payán J, Sarmiento ME, Hernández-Pando R, Norazmi MN, Acosta A. Protective effect of a lipid-based preparation from Mycobacterium smegmatis in a murine model of progressive pulmonary tuberculosis. Biomed Res Int. 2014;2014:273129.

9\. Orr MT, Fox CB, Baldwin SL, Sivananthan SJ, Lucas E, Lin S, Phan T, Moon JJ, Vedvick TS, Reed SG, Coler RN. Adjuvant formulation structure and composition are critical for the development of an effective vaccine against tuberculosis. J Control Release. 2013 Nov 28;172(1):190-200.

10\. Rodriguez L, Tirado Y, Reyes F, Puig A, Kadir R, Borrero R, Fernandez S, Reyes G, Alvarez N, Garcia MA, Sarmiento ME, Norazmi MN, Perez Quinoy JL, Acosta A. Proteoliposomes from Mycobacterium smegmatis induce immune cross-reactivity against Mycobacterium tuberculosis antigens in mice. Vaccine. 2011 Aug 26;29(37):6236-41.

11\. Chen L, Xu M, Wang ZY, Chen BW, Du WX, Su C, Shen XB, Zhao AH, Dong N, Wang YJ, Wang GZ. The development and preliminary evaluation of a new Mycobacterium tuberculosis vaccine comprising Ag85b, HspX and CFP-10:ESAT-6 fusion protein with CpG DNA and aluminum hydroxide adjuvants. FEMS Immunol Med Microbiol. 2010 Jun 1;59(1):42-52.

12\. Kamath AT, Valenti MP, Rochat AF, Agger EM, Lingnau K, von Gabain A, Andersen P, Lambert PH, Siegrist CA. Protective anti-mycobacterial T cell responses through exquisite in vivo activation of vaccine-targeted dendritic cells. Eur J Immunol. 2008 May;38(5):1247-56.

13\. Bosio CM, Orme IM. Effective, nonsensitizing vaccination with culture filtrate proteins against virulent Mycobacterium bovis infections in mice. Infect Immun. 1998 Oct;66(10):5048-51.

14\. Lindblad EB, Elhay MJ, Silva R, Appelberg R, Andersen P. Adjuvant modulation of immune responses to tuberculosis subunit vaccines. Infect Immun. 1997 Feb;65(2):623-9.

Comment: I do not understand why the authors did not investigate immune responses in the lungs following immunizations.

Response: The immune responses in the lungs were not investigated because the immunizations were systemic and not intra-nasal.

Minor Comments:

Lines 149-150: Gene name should be italic. Throughout the manuscript, please check them.

Response: Gene names have been given in italics, throughout the manuscript.

Comment: Please check the abbreviations for tuberculosis, Mycobacterium tuberculosis, etc.. Line 323: TB, Line 336: MTB, Line 339: tuberculosis

Response: The abbreviation for Mycobacterium tuberculosis is consistently changed from MTB to M. tuberculosis and tuberculosis to TB.

Comment: The resolution for all figures should be high. Some figures are unreadable.

Response: The resolution of all figures has been upgraded to meet the PLOS ONE standard.

Reviewer \#2:

Comment: This manuscript could have really benefited from protection studies to evaluate the efficacy of the different vaccine candidates. Although I appreciate that it would have been impossible to test all vaccine combinations, it would have been important to at least test the efficacy of the vaccination regime that the authors thought was the most superior based on immunology. Such experiment could have validated the immunogenicity data generated in this study. The lack of immune correlates of protection is a critical limitation in the TB vaccine development field and therefore down-selecting vaccine candidates on the basis of just immune responses might not be the most accurate approach. The authors should explain their decision to not perform protection experiments. The above limitations should be emphasized in the discussion.

Response: The aim of this work was to study the immunogenicity of seven M. tuberculosis-specific antigens in BALB/C mice using different adjuvants and delivery systems. The protection efficacy of the antigen, found best in this study, has already been demonstrated earlier in BALB/c mice (Reference 57 of the first submitted manuscript). Therefore, we didn't repeat the protection experiments in this study. In the revised manuscript, we have focused on immunogenicity and deleted the overemphasis on protection.

Comment: Have the authors tested for the presence of endotoxin in their proteins? If yes the level should be specified in the methodology section.

Response: The presence of endotoxin was not tested in the purified recombinant proteins because these were purified to homogeneity using two types of affinity columns.

Comment: Although the role of antibodies is still not well understood there is an increasing body of evidence to suggest that they might have an important protective role. Why were antibody responses not measured in these experiments? Discussion should be amended to include some of this information

Response: The aim of this study was to determine the effect of adjuvants and delivery systems on cytokine responses. Hence, the antibody responses were not studied. However, in response to comment of this reviewer, antibody responses to Rv3619c are added in the discussion section of the revised manuscript.

Comment: All the immunological data are presented in the form of tables rather than graphs. It would be useful for at least some of the data to be presented in a graphical format. Although the positive responses to ConA are important to demonstrate the viability and responsive capacity of cells, they to distract from the main data. As a result, it might be better to have the ConA responses as supporting tables.

Response: As suggested by the reviewer, some immunological data are presented in graphical format and the ConA Responses have been moved to a supporting figure.

Comment: No statistical testing was performed on any of the data.

Response: The statistical analysis has been performed and the information is added in the revised manuscript.

Comment: Can the authors explain why they chose BALB/c mice for their experiments? The study that the authors mention in their discussion (line 305) used C57BL/6 mice. Could that have potentially affected the Th1/Th2 responses knowing that the two mouse strains have a different Th bias? Perhaps discussion should be expanded to include these points.

Response: BALB/c mice have been extensively used in TB immunology/vaccine research. Some of the papers published in 2019 and available in PubMed are given below.

1\. Broset E, Saubi N, Guitart N, Aguilo N, Uranga S, Kilpeläinen A, Eto Y, Hanke T, Gonzalo-Asensio J, Martín C, Joseph-Munné J. MTBVAC-Based TB-HIV Vaccine Is Safe, Elicits HIV-T Cell Responses, and Protects against Mycobacterium tuberculosis in Mice. Mol Ther Methods Clin Dev. 2019 Feb 7;13:253-264.

2\. Xiao TY, Liu HC, Li XQ, Huang MX, Li GL, Li N, Yan YH, Luo Q, Wang XZ, Li MC, Wan KL. Immunological Evaluation of a Novel Mycobacterium tuberculosis Antigen Rv0674. Biomed Environ Sci. 2019 Jun;32(6):427-437.

3\. Nagpal PS, Kesarwani A, Sahu P, Upadhyay P. Aerosol immunization by alginate coated mycobacterium (BCG/MIP) particles provide enhanced immune response and protective efficacy than aerosol of plain mycobacterium against M.tb. H37Rv infection in mice.

BMC Infect Dis. 2019 Jul 1;19(1):568.

4\. Komine-Aizawa S, Jiang J, Mizuno S, Hayakawa S, Matsuo K, Boyd LF, Margulies DH, Honda M. MHC-restricted Ag85B-specific CD8+ T cells are enhanced by recombinant BCG prime and DNA boost immunization in mice. Eur J Immunol. 2019 Sep;49(9):1399-1414.

5\. Moreno-Mendieta S, Barrera-Rosales A, Mata-Espinosa D, Barrios-Payán J, Sánchez S, Hernández-Pando R, Rodríguez-Sanoja R. Raw starch microparticles as BCG adjuvant: Their efficacy depends on the virulence of the infection strains.

Vaccine. 2019 Sep 10;37(38):5731-5737.

6\. Fitzpatrick M, Ho MM, Clark S, Dagg B, Khatri B, Lanni F, Williams A, Brennan M, Laddy D, Walker B. Comparison of pellicle and shake flask-grown BCG strains by quality control assays and protection studies. Tuberculosis (Edinb). 2019 Jan;114:47-53.

7\. Sawutdeechaikul P, Cia F, Bancroft G, Wanichwecharungruang S, Sittplangkoon C, Palaga T. Oxidized Carbon Nanosphere-Based Subunit Vaccine Delivery System Elicited Robust Th1 and Cytotoxic T Cell Responses. J Microbiol Biotechnol. 2019 Mar 28;29(3):489-499.

8\. Okay S, Çetin R, Karabulut F, Doğan C, Sürücüoğlu S, Kızıldoğan AK.

Immune responses elicited by the recombinant Erp, HspR, LppX, MmaA4, and OmpA proteins from Mycobacterium tuberculosis in mice. Acta Microbiol Immunol Hung. 2019 Jun 1;66(2):219-234.

9\. Bull NC, Stylianou E, Kaveh DA, Pinpathomrat N, Pasricha J, Harrington-Kandt R, Garcia-Pelayo MC, Hogarth PJ, McShane H.

Enhanced protection conferred by mucosal BCG vaccination associates with presence of antigen-specific lung tissue-resident PD-1+ KLRG1- CD4+ T cells. Mucosal Immunol. 2019 Mar;12(2):555-564.

Comment: Could that have potentially affected the Th1/Th2 responses knowing that the two mouse strains have a different Th bias? Perhaps discussion should be expanded to include these points.

Response: This part of the discussion has been removed in light of the comments by the Reviewer 1.

Minor comments:

Comment: The quality of figure 3 is really low. Would it be possible to replace with higher resolution pictures?

Response: Figure 3 has been replaced with higher resolution meeting the standard of PLOs ONE.

Comment: BCG -- abbreviation should be explained

Response: BCG is abbreviation of Bacillus Calmette Guerin. It has been explained in the revised manuscript.

Comment: line 286 in discussion. What do the authors mean by safer? Subunit vaccines will have to be administered with or as a boost to BCG. How does that make them safer compared to BCG alone?

Response: The word "safer" has been deleted.

Comment: Line 361 Can the authors clarify which other stain do they compare the C57BL/6 mice to? And can they provide a reference to support this statement?

Response: This part of discussion has been deleted as suggested by Referee 1.
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Submitted filename: Response to Reviewers.docx

###### 

Click here for additional data file.
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The effect of adjuvants and delivery systems on Th1, Th2, Th17 and Treg cytokine responses in mice immunized with Mycobacterium tuberculosis-specific proteins

PLOS ONE

Dear Dr. Mustafa,

Thank you for submitting your manuscript to PLOS ONE. After careful consideration, we feel that it has merit but does not fully meet PLOS ONE's publication criteria as it currently stands. Therefore, we invite you to submit a revised version of the manuscript that addresses the points raised during the review process.

Please attend to the one comment made by reviewer 1 regarding the statistical analyses and the comments  made by reviewer 2 regarding the use of immunogenicity data when there is no validated immune correlate of protection and the other technical points raised by this reviewer.

We would appreciate receiving your revised manuscript by Feb 16 2020 11:59PM. When you are ready to submit your revision, log on to <https://www.editorialmanager.com/pone/> and select the \'Submissions Needing Revision\' folder to locate your manuscript file.

If you would like to make changes to your financial disclosure, please include your updated statement in your cover letter.

To enhance the reproducibility of your results, we recommend that if applicable you deposit your laboratory protocols in protocols.io, where a protocol can be assigned its own identifier (DOI) such that it can be cited independently in the future. For instructions see: <http://journals.plos.org/plosone/s/submission-guidelines#loc-laboratory-protocols>

Please include the following items when submitting your revised manuscript:

A rebuttal letter that responds to each point raised by the academic editor and reviewer(s). This letter should be uploaded as separate file and labeled \'Response to Reviewers\'.A marked-up copy of your manuscript that highlights changes made to the original version. This file should be uploaded as separate file and labeled \'Revised Manuscript with Track Changes\'.An unmarked version of your revised paper without tracked changes. This file should be uploaded as separate file and labeled \'Manuscript\'.

Please note while forming your response, if your article is accepted, you may have the opportunity to make the peer review history publicly available. The record will include editor decision letters (with reviews) and your responses to reviewer comments. If eligible, we will contact you to opt in or out.

We look forward to receiving your revised manuscript.

Kind regards,

Ann Rawkins, PhD

Academic Editor
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Reviewers\' comments:

Reviewer\'s Responses to Questions

**Comments to the Author**

1\. If the authors have adequately addressed your comments raised in a previous round of review and you feel that this manuscript is now acceptable for publication, you may indicate that here to bypass the "Comments to the Author" section, enter your conflict of interest statement in the "Confidential to Editor" section, and submit your \"Accept\" recommendation.

Reviewer \#1: All comments have been addressed

Reviewer \#2: (No Response)

\*\*\*\*\*\*\*\*\*\*

2\. Is the manuscript technically sound, and do the data support the conclusions?

The manuscript must describe a technically sound piece of scientific research with data that supports the conclusions. Experiments must have been conducted rigorously, with appropriate controls, replication, and sample sizes. The conclusions must be drawn appropriately based on the data presented.

Reviewer \#1: Yes

Reviewer \#2: Partly

\*\*\*\*\*\*\*\*\*\*

3\. Has the statistical analysis been performed appropriately and rigorously?

Reviewer \#1: Yes

Reviewer \#2: I Don\'t Know

\*\*\*\*\*\*\*\*\*\*

4\. Have the authors made all data underlying the findings in their manuscript fully available?

The [PLOS Data policy](http://www.plosone.org/static/policies.action#sharing) requires authors to make all data underlying the findings described in their manuscript fully available without restriction, with rare exception (please refer to the Data Availability Statement in the manuscript PDF file). The data should be provided as part of the manuscript or its supporting information, or deposited to a public repository. For example, in addition to summary statistics, the data points behind means, medians and variance measures should be available. If there are restrictions on publicly sharing data---e.g. participant privacy or use of data from a third party---those must be specified.

Reviewer \#1: Yes

Reviewer \#2: Yes

\*\*\*\*\*\*\*\*\*\*

5\. Is the manuscript presented in an intelligible fashion and written in standard English?

PLOS ONE does not copyedit accepted manuscripts, so the language in submitted articles must be clear, correct, and unambiguous. Any typographical or grammatical errors should be corrected at revision, so please note any specific errors here.

Reviewer \#1: Yes

Reviewer \#2: Yes

\*\*\*\*\*\*\*\*\*\*

6\. Review Comments to the Author

Please use the space provided to explain your answers to the questions above. You may also include additional comments for the author, including concerns about dual publication, research ethics, or publication ethics. (Please upload your review as an attachment if it exceeds 20,000 characters)

Reviewer \#1: According to the comments, the manuscript was properly revised with improvement. I have one minor comment on statistics. Please clarify the objectives of comparision in all figures.

Reviewer \#2: -The authors have addressed some comments but they still need to make it clearer in their discussion how measuring only immune responses rather than protection is a limitation due to lack of immune correlates in TB.

-Affinity columns will not remove endotoxin for the protein preparations. The authors should indicate at least the approximate levels of LPS. Big differences in endotoxin levels between proteins should be noted.

-Thanks to the authors for including antibody data. Can the authors clarify whether the serum was collected from the one experiment or whether sera from different experiments were used to create Figure 8.

-The comment about the use of BALB/c mice and potential Th bias has not been adequately addressed

-Figure 6: It is not entirely clear what the data presented are. Have the authors pooled all the data for the same protein from different experiments? If this is the case, how do they account for the huge differences in the non-stimulated controls between experiments? I would remove this figure as it is not scientifically accurate to pool responses from non-direct replicate experiments into one bar.

\*\*\*\*\*\*\*\*\*\*

7\. PLOS authors have the option to publish the peer review history of their article ([what does this mean?](https://journals.plos.org/plosone/s/editorial-and-peer-review-process#loc-peer-review-history)). If published, this will include your full peer review and any attached files.

If you choose "no", your identity will remain anonymous but your review may still be made public.

**Do you want your identity to be public for this peer review?** For information about this choice, including consent withdrawal, please see our [Privacy Policy](https://www.plos.org/privacy-policy).

Reviewer \#1: No

Reviewer \#2: No

\[NOTE: If reviewer comments were submitted as an attachment file, they will be attached to this email and accessible via the submission site. Please log into your account, locate the manuscript record, and check for the action link \"View Attachments\". If this link does not appear, there are no attachment files to be viewed.\]

While revising your submission, please upload your figure files to the Preflight Analysis and Conversion Engine (PACE) digital diagnostic tool, <https://pacev2.apexcovantage.com/>. PACE helps ensure that figures meet PLOS requirements. To use PACE, you must first register as a user. Registration is free. Then, login and navigate to the UPLOAD tab, where you will find detailed instructions on how to use the tool. If you encounter any issues or have any questions when using PACE, please email us at <figures@plos.org>. Please note that Supporting Information files do not need this step.
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Author response to Decision Letter 1

9 Jan 2020

Response to reviewer's comments

Reviewer \#1:

Comment: According to the comments, the manuscript was properly revised with improvement. I have one minor comment on statistics. Please clarify the objectives of comparison in all figures.

Response: We would like to thank the reviewer for stating that the manuscript was properly revised with improvement.

The objective of comparison in all figures was to determine which immunization followed by stimulation of spleen cells in vitro resulted in secretion of significant concentrations of the individual cytokines. This information has been added in the materials and methods under data analysis.

Reviewer \#2: -

Comment: The authors have addressed some comments but they still need to make it clearer in their discussion how measuring only immune responses rather than protection is a limitation due to lack of immune correlates in TB.

Response: We thank the referee for stating that the authors have addressed some comments. Furthermore, as per the suggestion of the reviewer, we have added in the end of discussion how measuring only immune responses rather than protection is a limitation due to lack of immune correlates in TB.

Comment: Affinity columns will not remove endotoxin for the protein preparations. The authors should indicate at least the approximate levels of LPS. Big differences in endotoxin levels between proteins should be noted.

Response: We had not measured the concentration of endotoxin in our recombinant protein preparations and hence it is not possible to indicate the approximate levels of LPS. However, we have used purified recombinant proteins only for immunizations using IFA and Alum as adjuvants. Other immunizations using recombinant mycobacteria (r M. vaccae and rM. smegmatis) and rDNA vaccine constructs will not have a problem of LPS contamination. The endotoxin contamination would have been a major concern in our study if we had used the recombinant proteins for in vitro stimulation of spleen cells for cytokine secretions. However, to avoid the non-specific stimulation of spleen cells due to the endotoxin contamination of the recombinant proteins, we have used chemically synthesized peptides covering the sequences of the individual proteins, as stated in the materials and methods.

Comment: Thanks to the authors for including antibody data. Can the authors clarify whether the serum was collected from the one experiment or whether sera from different experiments were used to create Figure 8?

Response: The serum samples were collected from the one experiment to create Figure 8 (Figure 7 in the revised manuscript).

Comment: The comment about the use of BALB/c mice and potential Th bias has not been adequately addressed.
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